Objective: To seek evidence for causative secondary changes in extraocular muscle volume, cross-sectional area, and contractility in superior oblique (SO) palsy using magnetic resonance imaging, given that vertical deviations in SO palsy greatly exceed those explained by loss of SO vertical action alone.
S
UPERIOR OBLIQUE (SO) PALSY is a common cause of vertical strabismus. However, both the SO and inferior oblique (IO) muscles contribute little to vertical duction in healthy subjects. [1] [2] [3] [4] [5] [6] This raises the fundamental question of how a palsy of the SO, an extraocular muscle (EOM) whose primary function is intorsion, 7 can create a large hypertropia. Studies in rhesus monkeys suggest that SO palsy alone is not sufficient to create a large vertical strabismus. 8 After experimental trochlear neurectomy to induce SO palsy in monkeys, hypertropia slowly diminished under monocular conditions but greatly increased when binocular vision was permitted. 8 This study suggests that abnormal neural input during binocular viewing was driving the large vertical deviation in experimental SO palsy in the rhesus monkey.
It is unclear whether the same type of abnormal innervation occurs in humans with SO palsy. Despite a wealth of observational data collected over many years, the mechanisms that create incomitant vertical strabismus in SO palsy are poorly understood. Part of the confusion probably stems from poor specificity of the clinical examination in detecting isolated SO palsies. 9 The 3-step test in particular has been the cornerstone for the diagnosis and classification of cyclovertical strabismus for generations of clinicians, but it poorly distinguishes among chronic unilateral SO palsy, bilateral SO palsies, 10 heterotopic rectus EOM pulleys, 11 or other orbital or structural EOM abnormalities. 9 If traditional teaching were to hold true, then the most common procedure for SO palsy, IO weakening, should increase the head tiltdependent change in hypertropia; instead, the opposite has been demonstrated. 12 Studies that use only the clinical examination to determine the presence of SO palsy inevitably include a heterogeneous group of causes for incomitant vertical strabismus.
Additional confusion is created by the common clinical vernacular that implicates EOM "overaction" and "underac-tion" when excessive or reduced ductions into tertiary fields of gaze are observed. 7 Those misleading terms imply a primary problem of a specific EOM when in fact there are many other potential causes of the abnormal eye movement. 13 Excessive elevation in adduction, for example, commonly described as IO overaction, can be caused by aberrant innervation, orbital dystopy, and EOM pulley abnormalities in addition to overcontraction of an IO. 11, 13 Three potential causes have been postulated for primary EOM overaction: hypertrophy, excessive innervation, or change in fiber type (analogous to replacing slowtwitch with fast-twitch muscle fibers) with a resultant change in the EOM's response to a given level of innervation. 13 The last type of intrinsic muscular change has been demonstrated in skeletal muscle in animals 14 but not in EOMs. 13 The purpose of this study was to determine whether high-resolution magnetic resonance imaging (MRI) can detect primary EOM overaction, either from hypertrophy or excess innervation, in patients with SO palsy.
METHODS
This study was conducted in 36 healthy, orthotropic paid volunteers who were recruited by advertisement and 12 subjects with chronic unilateral SO palsy confirmed by both clinical examination and the presence of significant SO atrophy on MRI, 15, 16 with no history of strabismus surgery. Each subject gave written informed consent according to a protocol conforming to the Declaration of Helsinki and approved by the Human Subject Protection Committee at the University of California, Los Angeles. Data collection was compliant with the Health Insurance Portability and Accountability Act of 1996.
Healthy subjects underwent a comprehensive eye examination to verify normal visual acuity, normal ocular motility, stereoacuity, and ocular anatomy. Subjects with SO palsy underwent the same comprehensive eye examination as well as a Hess screen test.
Each subject underwent high-resolution T1-weighted or T2-weighted fast spin-echo MRI with surface coils and a 1.5-T Signa scanner (General Electric, Milwaukee, Wisconsin) using protocols described in detail elsewhere. 17, 18 Images were obtained in a quasi-coronal fashion (Figure 1 ) in a matrix of 256ϫ256 pixels over an 8-cm field of view (313-µm pixel resolution) with 2-mm slice thickness. Images were obtained by scanning the fixating eye in central gaze in all subjects and in supraduction and infraduction for most subjects, with imaging in secondary gaze positions limited in some subjects by fatigue during image acquisition.
Digital MRIs were quantified using the program ImageJ 1.37v (W. Rasband, National Institutes of Health, Bethesda, Maryland). For the 6 contiguous image planes beginning at the globeoptic nerve junction and extending 12 mm posteriorly, each rectus EOM and the SO were manually outlined (Figure 2) and the cross-sectional area was obtained using the Area function of ImageJ. Volumes were determined by multiplying the cross-sectional areas by the 2-mm slice thickness and summing the volumes for all 6 image planes.
The EOM volumes and maximum cross-sectional areas in central gaze were considered measures of hypertrophy. The change in EOM maximum cross-sectional area from supraduction to infraduction was considered a measure of contractility. Statistical comparisons were made using paired t tests.
RESULTS
The mean ages for the subjects with SO palsy (33.3 years) and the healthy subjects (36.6 years) were equivalent (P =.47). The clinical data for the subjects with SO palsy were, by design, very homogeneous-each case had a previously unoperated unilateral SO palsy present for a minimum of 6 months (mean, 11.7 years; range, 6 months to 43 years). The incomitant strabismus was, on average, typical for unilateral SO palsy. Using a clinical scale representing a normal value of 0 to an imbalance of ±4, the mean (SD) underdepression in adduction was −2.0 (1.0) and the mean overelevation in adduction was 1.8 (1.1). The mean primary gaze hypertropia was 9.5 (7.0) prism diopters (⌬), increasing to 23.1 (11.7) ⌬ on adduction of the affected eye and decreasing to 5.8 (6.3) ⌬ on ab- Table 1) . On average, the hypertropia was 14.6 ⌬ greater in ipsilesional than contralesional head tilt.
All 72 orbits in the 36 healthy subjects and 24 orbits in the 12 subjects with SO palsy were imaged in central gaze. In subjects with SO palsy, we separately analyzed the orbit ipsilesional to the palsied SO and the uninvolved, contralesional orbit.
In central gaze, only 2 EOMs had significantly abnormal volumes ( Table 2) and maximum cross-sectional areas ( , respectively; PϽ.001), an anticipated result since visible SO atrophy on MRI was a selection criterion for inclusion in the study. However, the contralesional superior rectus (SR) was significantly hypertrophic compared with that in healthy subjects, having more than 10% greater volume (344.7 vs 307.5 mm 3 , respectively; P= .02) and maximum crosssectional area (34.2 vs 30.5 mm 2 , respectively; P =.02). For measurements in supraduction and infraduction, 41 orbits in 25 healthy subjects were compared with 10 contralesional and 7 ipsilesional orbits in subjects with SO palsy, with data collection in these eccentric gaze positions limited in some patients secondary to fatigue during MRI. No changes in EOM volumes from supraduction to infraduction were significantly different from normal (data not shown). Two EOMs, however, had a significantly greater than normal change in maximum cross-sectional area across the range of vertical duction ( Table 4) . Across the range of vertical duction from infraduction to supraduction, the contralesional SR had a more than 30% greater than normal change in maximum cross-sectional area (13.8 vs 10.3 mm 2 ; respectively; P=.04), while the contralesional inferior rectus (IR) had a more than 80% greater than normal change in maximum cross-sectional area (10.9 vs 6.0 mm 2 , respectively; P=.001). The ipsilesional SR and IR had similarly larger than normal contractile changes, although that result did not achieve statistical significance (P =.12 and P=.08, respectively). Both the SO and horizontal rectus EOMs exhibited minimal contractile changes during vertical duction (Figure 3) .
COMMENT
These MRI data provide evidence for 2 types of EOM overaction, hypertrophy and excess innervation. Contralesional SR hypertrophy in SO palsy is a novel finding that cannot be a trivial artifact of eye position or primary vs secondary deviation, since each orbit was imaged with the scanned eye fixating a target in the same position. Inflammatory and infiltrative diseases can enlarge EOMs, 19 but none of these subjects had evidence of such disorders. Instead, contralesional SR hypertrophy is most likely secondary to chronic excess innervation to compensate for the relative hypotropia in this eye. This hypertrophic change of the contralesional SR would reduce, not increase, the hypertropia and thus fails to explain why these subjects develop a large vertical deviation.
Excess innervation to the contralesional vertical rectus EOMs does provide a potential explanation for the creation of a large vertical deviation. For the same change in gaze from target-fixated supraduction to target-fixated infraduction, subjects with SO palsy demonstrated a significantly supernormal change in maximum cross-sectional area of the vertical rectus EOMs. The contralesional IR in particular was not hypertrophic in central gaze but had almost twice the normal contractile change in crosssection during vertical duction. This finding confirms and extends the results of an early MRI study of the IR in SO palsy, which also found increased contralesional IR contractility using a different method of analysis. 20 This dramatically excessive contractility might plausibly account for the large hypertropia observed in SO palsy because excess contralesional IR innervation in a setting of vertical binocular misalignment would increase the relative hypotropia of this eye. This excess innervation may explain the finding in experimental SO palsy that abnormal innervation under binocular viewing conditions is responsible for increasing the vertical deviation over time. 8 This study supports a very limited role for the SO in normal vertical duction. [2] [3] [4] [5] [6] While these subjects were not imaged performing vertical gaze changes in adduction, the normal SO demonstrated only a small change in maximum cross-sectional area during vertical ductions from central gaze. Interpreting this study in the context of an earlier MRI study that failed to demonstrate excess IO hypertrophy or contractility in SO palsy, 18 it becomes difficult to escape the conclusion that the vertical rectus EOMs, the primary supraductors and infraductors, are most likely responsible for dysmotility in SO palsy. 3 These data suggest that maximum EOM crosssectional area is the most important functional anatomical indicator of EOM function. The EOM volume is conserved during gaze changes. During contraction and relaxation, an EOM belly can locally thicken and shift mass anteriorly and posteriorly, but the overall volume does not change significantly. Maximum cross-sectional area, how- ever, does change substantially with duction and can provide a metric for either excess or reduced contractility. It also can be used as a surrogate to indicate hypertrophic changes in central gaze because maximum cross-sectional area correlated well with EOM volume (Figure 4) . Tight control of gaze is required during imaging, however, to prevent the normal changes in maximum crosssectional area that occur in eccentric gaze from confounding interpretation.
This study cannot resolve all controversies concerning EOM overaction. Magnetic resonance imaging cannot detect hypothesized intrinsic changes within the EOM that might affect contractility, such as fiber type changes, sarcomere addition, or fibrosis and contracture. Changes in sarcomere size have been shown to occur in EOMs 21 and have been speculated to affect the EOMs' mechanical behavior in a fashion similar to overaction. 13 However, such changes have not been demonstrated in association with cyclovertical strabismus in humans or animals. This study also does not explain why excessive contractile changes occur in other EOMs in SO palsy or what neurological and/or sensory mechanisms might be responsible for the presumed abnormal innervation. In conclusion, this study provides evidence for 2 ways in which the vertical rectus EOMs overact in the orbit contralesional to SO palsy. Static hypertrophy of the contralesional SR, as demonstrated in central gaze, might plausibly be a compensatory mechanism to reduce the relative hypotropia of that eye, but the supernormal contractile changes, particularly in the contralesional IR, would increase the vertical deviation and cannot be regarded as compensatory. Dynamic, not static, changes in the pattern of EOM innervation presumably create the large hypertropias observed in SO palsy. It seems unlikely that common operations treating SO palsy, such as IO weakening, could work by merely reversing mechanical changes due to the palsy. It remains to be seen whether surgical treatment of SO palsy induces beneficial dynamic changes in abnormal rectus EOM innervation. 
